We consider contributions of R-parity conserving softly broken supersymmetry (SUSY) to neutrinoless double beta (0νββ) decay via the (B-L)-violating sneutrino mass term. The latter is a generic ingredient of any weak-scale SUSY model with a Majorana neutrino mass. The new R-parity conserving SUSY contributions to 0νββ are realized at the level of box diagrams. We derive the effective Lagrangian describing the SUSY-box mechanism of 0νββ-decay and the corresponding nuclear matrix elements. The 1-loop sneutrino contribution to the Majorana neutrino mass is also derived.
Introduction
Neutrinoless double beta (0νββ) decay [1, 2] is a unique example of a nuclear process which allows one to probe for lepton number violation. Given the fact that the standard model conserves L at the classical level, 0νββ decay can proceed only via non-SM interactions. Therefore -taking into account the stringent experimental limits [3] -0νββ decay is extremely sensitive to physics beyond the standard model.
The simplest source of lepton number violation directly leading to 0νββ decay is a finite Majorana neutrino rest mass. It violates lepton number by two units ∆L = 2 precisely what is necessary for 0νββ-decay. The corresponding contribution is described by the tree-level diagram of the 4th order in the weak coupling constant with one Majorana neutrino propagator as shown in Fig.1(a) .
Supersymmetric extensions of the SM bring in new sources of lepton number violation and, as a result, new mechanisms of 0νββ-decay. Even with the minimal matter and Higgs field content there are renormalizable L and B violating terms in the superpotential and in the sector of soft-supersymmetry breaking interactions which are not forbidden by gauge symmetry. These terms violate not only L and B but also R-parity defined as R p = (−1)
3B+L+2S with S being a particle spin. Models containing such interaction terms are usually referred to as SUSY models with explicit R P -breaking [4] . (R P can also be broken spontaneously via a non-zero vacuum expectation value of the sneutrino field <ν > = 0 [5] .)
Formerly it was widely believed that supersymmetry can contribute to 0νββ decay only if R P is broken [6] - [10] . The corresponding mechanisms have been comprehensively studied in the last few years [7] - [11] . In particular, it was shown that the current experimental limits from non-observation of 0νββ-decay sets upper bounds on certain R p / Yukawa coupling constants which are more stringent [7, 8] than previously known from various accelerator and nonaccelerator experiments. Moreover, they turned out to be more stringent than those from some forthcoming accelerator experiments. This conclusion has put 0νββ-decay forward as an interesting probe of supersymmetry.
Although there are no compelling theoretical arguments for R-parity conservation, there exist a number of well-known phenomenological drawbacks for supersymmetric models in which R P is violated. Maybe the most serious one is the instability of the lightest SUSY particle. As a result, the supersymmetric solution for the dark matter problem is lost unless R p / Yukawa coupling constants λ become unnaturally small, typically λ ≤ 10 −16 . In view of this and other problems for R p / SUSY there arises a natural question whether R P -violation is an inevitable condition for SUSY to contribute to 0νββ-decay. The present paper addresses this question. We will demonstrate that there is a non-trivial R-parity conserving SUSY contribution to 0νββ-decay. In Fig.1(b) we present an example of a diagram associated with the lowest order contribution to 0νββ-decay within the R-parity conserving minimal supersymmetric standard model (MSSM) with a Majorana neutrino mass m ν M . This particular example gives an explicit answer to the above question: R-parity violation is not a necessary condition for a SUSY contribution to 0νββ-decay.
It is also obvious that this SUSY contribution is strongly suppressed compared to the non-SUSY diagram in Fig.1(a) . This is because it is of higher order in perturbation theory, contains heavy sparticles in intermediate states and receives a typical suppression due to the loop integration. Moreover, this diagram is proportional to the very small factor m ν M /p F where p F ≈ 80MeV is the nucleon Fermi momentum. The latter is also true for the simplest non-SUSY diagram in Fig. 1(a) . The reason is common for both diagrams. In fact, both the SM and the MSSM interactions conserve lepton number L. Therefore, the only source for ∆L = 2 violation, necessary for 0νββ-decay to proceed, is the Majorana neutrino mass term. If m ν M = 0 lepton number would be a conserved quantity and the 0νββ-decay amplitude should vanish, R 0νββ = 0. Such a behavior corresponds to R 0νββ ∼ m ν M /p F in the limit of small m ν M . Thus, the diagram in Fig.1(b) , given its very small contribution to 0νββ-decay, provides just a principal demonstration of the fact that 0νββ-decay can be triggered by R-parity conserving supersymmetry. No practical consequences can be obtained from this new diagram in the sense of establishing new constraints either on SUSY parameters or on m ν M from non-observation of 0νββ-decay.
However, we will show that there are other R-parity conserving SUSY contributions via the lepton number violating sneutrino mass term. As was shown in [12] the Majorana neutrino mass, the (B-L)-violating sneutrino mass and the 0νββ-decay amplitude are generically connected to each other. Namely, non-vanishing of one of these three quantities implies non-zero values of the remaining two. Thus, the 0νββ-amplitude should always contain a contribution corresponding to the (B-L)-violating sneutrino mass term.
We will study this contribution and extract constraints on the (B-L)-violating sneutrino mass term from the current experimental data on 0νββ-decay of 76 Ge. This paper is organized as follows. In section 2 we give a short account on the structure of neutrino-sneutrino mass terms and the theorem which establishes the above mentioned relations between the neutrino and sneutrino masses and 0νββ-decay. Sect.3 is devoted to some general properties of possible SUSY contributions to 0νββ-decay. In this section we specify the box diagrams describing the R P -conserving SUSY contribution. Our approach to the derivation of the corresponding 0νββ-transition operators and nuclear matrix elements is outlined in sect. 4. Sect. 5 deals with 0νββ-decay constraints on the (B-L)-violating sneutrino mass. In section 6 we calculate the sneutrino contribution to the Majorana neutrino mass and derive then limits from experimental data on neutrino masses. We then close with a short summary.
Structure of the Neutrino-Sneutrino Mass Terms
As shown in [12] , the self-consistent form of the neutrino and sneutrino mass terms is
where ν = ν c is a Majorana field. The first two terms violate the global (B-L) symmetry while the last one respects it. The first term is a Majorana mass term of the neutrino. We call the second term a "Majorana"-like mass, while the third one is referred to as a "Dirac"-like sneutrino mass term. This reflects an analogy with Majorana and Dirac mass terms for neutrinos. In the presence of the right handed neutrino field ν R the Dirac neutrino mass term m ν D (ν L ν R +ν R ν L ) could also be included in Eq. (1) but it is not required by the self-consistency arguments. Note thatm 2 M is not a positively defined parameter.
Eq. (1) is a generic consequence of weak-scale softly broken supersymmetry and does not depend on the specific mechanism of mass generation in the lowenergy theory. For the sake of simplicity and without any loss of generality we ignore possible neutrino mixing.
The low-energy theorem proven in ref. [12] relates the following three (B-L)-violating quantities: the neutrino Majorana mass m ν M , the "Majorana"-like sneutrino massm M and the amplitude of 0νββ-decay R 0νββ . Here we shortly describe the proof of this theorem.
It is relatively easy to see that if at least one of the quantities is nonzero the two others are generated in higher orders of perturbation theory as demonstrated in Fig. 2 , where only dominant diagrams are shown. Internal lines in these diagrams are neutralinos χ i , gluinosg, charginos χ ± , selectronẽ, u-squarkũ and sneutrinoν. The latter is to be identified with the (B-L)-violating "Majorana" propagator proportional tom 2 M . The sneutrino "Majorana" propagator was explicitly derived in ref. [12] and will be given below.
The various diagrams lead to relations among the three (B-L)-violating observables, which we write down schematically
Here, z i can stand for
The coefficients a ij correspond to contributions of the diagrams in Fig.2 . Now we are going to prove that if z i 1 = 0 then z i 2 = z i 3 = 0 (the same will be true for any permutation). On the basis of Fig. 2 and Eqs. (2) one can expect such properties of the set of observables z i . Indeed z i 1 = 0 in the left-hand side of Eq. (2) strongly disfavors z j 2 = 0 and z j 3 = 0, because it requires either all the three terms in the right-hand sides to vanish or their net cancelation. The latter is "unnatural". Even if such a cancelation would be done by hand, using (unnatural) fine-tuning of certain parameters, in some specific order of perturbation theory, it would be spoiled again in higher orders of perturbation theory. The cancelation of all terms in the right-hand side of Eqs. (2) in all orders of perturbation theory could only be guaranteed by a special unbroken symmetry. Let us envisage this possibility in details.
The effective Lagrangian of a generic model of weak scale softly broken supersymmetry contains after electro-weak symmetry breaking the following terms [13] is also unessential. For the case of the MSSM one can find them, for instance in [13] . Eq. (3) is a general consequence of the underlying weak scale softly broken supersymmetry and the spontaneously broken electro-weak gauge symmetry.
The Lagrangian (3) does not posses any continuous symmetry having nontrivial (B-L) transformation properties. Recall, that U(1) B−L is assumed to be broken since we admit (B-L)-violating mass terms in Eq. (1). However, there might be an appropriate unbroken discrete symmetry. Let us specify this discrete symmetry group by the following field transformations
Here η i are phase factors. Since the Lagrangian (3) is assumed to be invariant under these transformations one obtains the following relations
Dots denote other relations which are not essential here. The complete set of these equations defines the admissible discrete symmetry group of the Lagrangian in Eq. (3). Let us find the transformation property of the operator structure responsible for 0νββ-decay under this group. At the quark level 0νββ-decay implies the transition dd → uuee, described by the effective operator
where α i are numerical constants, Γ
are certain combinations of Dirac γ matrices. The 0νββ-decay amplitude R 0νββ is related to the matrix element of this operator
where (A, Z) is a nucleus with the atomic weight A and the total charge Z. The operator in Eq. (6) transforms under the group (4) as follows
with
Solving Eqs. (5), (9), one finds
This relation proves the statements 1,2. To see this we note that the observable quantity
) is forbidden by this symmetry if the corresponding discrete group factor is non-trivial, i.e. η 2 i = 1. Contrary, if η 2 i = 1, this quantity is not protected by the symmetry and appears in higher orders of perturbation theory, even if it is not included at the tree-level. Relation (10) claims that if one of the z i is forbidden then the two others are also forbidden and, vice versa, if one of them is not forbidden they are all not forbidden.
This completes the proof of the theorem relating the neutrino Majorana mass m ν M , the "Majorana"-like sneutrino massm M and the amplitude of 0νββ-decay R 0νββ . The proven theorem can be considered as a supersymmetric generalization of the well-known theorem [14] relating only neutrino Majorana mass and the neutrinoless double beta decay amplitude.
Let us show that the "Dirac"-like (B-L) conserving sneutrino massm D should also be present in the theory to ensure the stability of the vacuum state. Towards this end consider the last two terms of Eq. (1) which we denote as Lν mass and use the real field representation for the complex scalar sneutrino fieldν
whereν 1,2 are real fields. Then
Assume the vacuum state is stable. Thenm 3B+L+2S , where S, B and L are the spin, the baryon and the lepton quantum number.
Therefore, as indicated at the beginning of this section the self-consistent structure of the mass terms of the neutrino-sneutrino sector is given by Eq. (1). The mass parameterm M gives a measure of sneutrino-antisneutrino mixing (ν −ν * ). This (B-L)-violating effect is an evident manifestation of the 2nd term in Eq. (1). On the other hand, a finitem M gives rise to splitting the complex scalar fieldν = (ν 1 + iν 2 )/ √ 2 into two real mass eigenfieldsν 1,2 with the massesm (15) where
is the ordinary propagator for a scalar particle with massm i . Using the definition ofm 1,2 as in Eq. (12) one finds
It is seen that in absence of the (B-L)-violating sneutrino "Majorana"-like mass termm Majorana neutrino fields can propagate in a virtual state conserving the (B-L) quantum number as well as violating it. In the Majorana representation of the neutrino field
where
propagators can be written as
where m ν ≡ m ν M for simplicity. Therefore, the effect of (B-L)-violation originating from the neutrino propagator is proportional to the Majorana neutrino mass while a (B-L)-conserving contribution to 0νββ decay via neutrino propagation in the Dirac mode does essentially not depend on the neutrino mass and leads to a contribution proportional to the mean neutrino momentum in a nucleus. The latter is typically of the order of the Fermi momentum ∼ p F ≈ 80MeV. As a result such a contribution, if it exists, is greatly enhanced compared to the Majorana mass contribution.
MSSM contribution to 0νββ-decay. General properties and Effective Lagrangian
In this section we are considering the general properties of the R P -conserving MSSM contribution to 0νββ-decay and derive the corresponding effective Lagrangian in terms of color-singlet quark charged currents. Within our supersymmetric framework there are two sources of lepton number violation, the Majorana neutrino mass, m ν M , and the (square of the) "Majorana"-like sneutrino mass,m 2 M . Both of them violate -by construction -lepton number by two units. 0νββ decay also violates L by two units. The 0νββ amplitude R 0νββ will therefore be proportional
with O (i) representing some matrix elements. Contributions proportional to m ν M can be classified by
(SU SY ) , where the first part stands symbolically for the usual mass mechanism diagram, see Fig. 1(a) , while the second part summarizes all kinds of diagrams involving virtual SUSY particles. An example of this type of contribution was given in the introduction, see Fig.  1(b) . Clearly, all diagrams of 0νββ decay involving SUSY particles must have at least 6 basic vertices. They are thus of higher order compared to Fig. 1(a) and can be safely neglected:
(SM ) . Let us consider R 0νββ in more details. At the quark level neutrinoless double beta decay is induced by the transition of two d quarks into two u quarks and two electrons. This process is schematically represented by the diagram in Fig. 3(a) encoding all possible contributions to 0νββ-decay. In the R P conserving supersymmetric model it is useful to decompose the basic diagram Fig. 3 (a) as shown in Fig. 3(b-g) .
Given that the low-energy theory contains a light neutrino there are always contributions involving a long-distance interaction component associated with the light neutrino exchange. Let us use this fact for a decomposition of the quark-lepton 0νββ-effective vertex in Fig. 3 This decomposition allows one to apply, if necessary, a Fierz rearrangement to the approximately point-like black-spot SUSY vertices in Fig. 3 and represent them in the form of a product of color-singlet quark charged currents and a leptonic part. Such a representation is crucial for the derivation of the 0νββ-transition operators in the non-relativistic impulse approximation and for the subsequent nuclear structure calculations discussed in the sect. 4 .
Assuming the Fierz rearrangement applied to the point-like SUSY vertices one can write down the general form of the effective Lagrangian reproducing the decomposition in Fig. 3 within 4th order of perturbation theory. It can be written in the form:
where the SM term L Wff is also introduced (see Eq. (68) in Appendix A). Color-singlet local diquark operators are defined as
with α being a color index. The objects Γ i(k) and O i are constructed of Dirac gamma matrices as well as derivatives. Effective couplings λ (k) are dimensionless constants. Different terms are scaled out by the characteristic SUSY breaking mass scale m SU SY with an appropriate degree n i to accommodate correct physical dimension of the corresponding term. As seen from the leptonic part of the effective Lagrangian (23), the first term conserves lepton number (∆L = 0) while the remaining five terms violate it by two units (∆L = 2).
In the effective Lagrangian (23) we neglected possible L-conserving terms with the lepton operator structure ∼ēΓ i ν L . Their contributions to the 0νββ-amplitude are strongly suppressed compared to the contributions of the similar L-violating terms ∼ēΓ i ν c L . To see this fact let us have a closer look at the corresponding leading order diagrams in Fig. 3(c,d) . The bottom parts of these diagrams are the SM charged current (SMCC) interactions of the form (ūγ µ P L d)(ēγ µ P L ν n ) · U en , while the top parts correspond to the effective SUSY vertices. If they are given by the 2nd and 3rd terms of the effective Lagrangian Eq. (23), the resulting leptonic tensor L SU SY can then be written schematically as
where q is the neutrino momentum. In the right hand side neutrino masses m νn M are neglected since m νn M << q , where q ∼ p F ≈ 100MeV is the average momentum of a neutrino propagating in a nucleus (p F is the nucleon Fermi momentum). The mixing matrix elements disappear on the right hand side due to the unitarity relation U ek U * en δ kn = 1. This should be compared with the contribution of the possible L-conserving terms ∼ēΓ i ν L which we neglected in the effective Lagrangian in (23). The leptonic tensor in this case takes the form
The same structure appears in the standard neutrino mass mechanism with the SMCC at both ends of the virtual neutrino line.
Comparing Eqs. (25) and (26) one can see that the SUSY contribution corresponding to the ∆L = 2 operators receives from the leptonic sector a huge enhancement compared to the contribution of the ∆L = 0 operators. In fact
For this reason we neglected the SUSY induced ∆L = 0 operators in the effective Lagrangian (23). Now let us turn from the general consideration to the concrete case of the SUSY contribution to 0νββ-decay within the MSSM. The following Lagrangian terms are relevant to 0νββ-quark transitions in Fig. 3 (a)
The Lagrangian terms in the r.h.s. are explicitly given in Appendix A. Starting from this Lagrangian one can find 14 dominant diagrams proportional tom 2 M which contribute to the 0νββ-quark transition in Fig.3(a) . They are listed in Fig.4 . (Note, that in addition to the graphs shown, there exist several graphs corresponding simply to an exchange of two of the external momenta and are not shown for brevity.) As seen, all diagrams in Fig.4 fall into 5 classes represented by the last 5 diagrams of the decomposition in Fig.3 . The supersymmetric part of these diagrams, as discussed above, can be parameterized by the effective Lagrangian L 0νββ given in the general form of Eq. (23). One can reconstruct a specific form of this Lagrangian in the MSSM comparing diagrams in Fig.3 and Fig.4 and separating the basic SUSY vertices denoted in Fig.3 by the black spots representing five different terms of the effective Lagrangian L 0νββ in Eq. (23). The next step of the derivation is based on the standard approximate procedure relying on the fact that all intermediate particles involved in evaluation of the effective SUSY vertices are heavy SUSY particles with typical masses of order m SU SY . As a result these vertices can approximately be represented in the form of local operators. The local form of the SUSY operators allows one to apply the Fierz rearrangement and to collect the quark fields in the color-singlet quark charged currents. Straightforward realization of this strategy leads to an effective Lagrangian with the following leading order operators violating the lepton number L by 2 units
The color-singlet quark charged currents are defined as usual
Note that since we take only the leading order contributions into account in Eq. (29) 
The dimensionless loop factors F (m i ), G(m i ), J (m i ) and I(m i ) are given in Appendix B. They depend on the sparticle masses m i in the corresponding loop. Recall that g and g s are the SU(2) L and SU(3) c coupling constants. Further definitions on couplings and mixing parameters can be found in Appendix A. The next step of the calculation deals with reformulating the problem in terms of nucleon degrees of freedom instead of quark ones. This is relevant for the nuclear structure part of the calculations.
From quark to nuclear level
So far the discussion has focussed on particle physics aspects, deriving the lowenergy effective Lagrangian in Eq. (29) formulated in terms of quark fields. However our goal is the calculation of the amplitude R 0νββ of 0νββ-decay which is a nuclear process proceeding not at the level of quark degrees of freedom but at the level of nucleon ones. Formally one can write down
where the effective Lagrangian L 0νββ = L Wff + L ∆L=2 is given by Eqs. (68), (29). The nuclear structure is involved via the initial (A,Z) and the final (A, Z+2) nuclear states having the same atomic weight A, but different electric charges Z and Z+2. The standard framework for the calculation of this nuclear matrix element is the non-relativistic impulse approximation(NRIA). It implies the substitution of the quark current j µ AV in the effective Lagrangian L 0νββ in Eq. (36) by the non-relativistic nucleon current
The latter is an incoherent sum over individual nucleon currents of a nucleus and is given by the formula [15]
Here f V ≈ 1, f A ≈ 1.261, g µν is the metric tensor, τ
+ is the isospin raising operator, r i is the position of the ith nucleon, the superscript k stands for the spatial component. C i and D i are the well-known scalar and the vector nuclear recoil terms given by [2] 
Here (p i , E i ) and (p 
where m π is the pion mass and µ p(n) is the proton (neutron) magnetic moment. Since we are interested in the dominant contributions only, recoil terms will be neglected in the rest of this paper and have been given above for completeness.
The exponential factor in Eq. (37) is introduced instead of the local delta function in order to take into account the finite nucleon size. It is the Fourier transform of the nucleon form factor F (q 2 ) in the conventional parameterization a dipole form
with m A = 0.85GeV. The finite nucleon size effects are known [16] to be important for the short-distance contributions to the 0νββ-amplitude such as those corresponding to the dominant terms in the effective Lagrangian (29). Now, starting from Eq. (36), it is straightforward to calculate the 0νββ-amplitude R 0νββ within the non-relativistic impulse approximation. The final result for the 0 + → 0 + transition amplitude can be written as follows
The normalization factor is
Here, R 0 is the nuclear radius, m P and m e are the proton and the electron masses.
The effective lepton number violating parameter is defined as
In Eq. (42) we have introduced the transition operator Ω SU SY in order to separate the nuclear physics part of the calculation from the particle physics one. Having the transition operator one can calculate the corresponding nuclear matrix element for any 0νββ-decaying candidate isotope within any specific model of nuclear structure. From now on we define
This nuclear matrix element is found to be equal to those for heavy neutrino exchange [17] 
and
Here, F N (x A ) is the short-ranged potential 41), its analytic solution is given by the formula
The above definitions are general in the sense that one can apply nuclear wave functions of any nuclear structure model for their calculation. For the following analysis, on the other hand, numerical values for the matrix elements are needed.
In our numerical analysis we will use the following value for the 0νββ decay of 76 Ge [17]
This value is based on a pn-QRPA model [18] , which has been discussed already several times in the literature [18] and has been applied previously to calculations of the R-parity violating contributions to 0νββ decay [8, 10] , as well as to 0νββ decay in left-right symmetric models [17] . We will therefore not repeat the details of the calculation here, and refer for brevity to [18] . Uncertainties associated with the pn-QRPA have been discussed in [8] for M F,N and M GT,N .
0νββ constraints on (B-L)-violating Sneutrino Mass
The 0νββ-decay amplitude given in Eq. (42) leads to the following half-life formula
Here G 01 is the standard phase space factor tabulated for various nuclei in [2] . Eq. (54) takes into account only the contributions from sneutrino exchange. There might be other contributions which we assume not to cancel the SUSY contribution. If there is no unnatural fine tuning between different contributions we may retain only the SUSY one in deriving upper bounds for the lepton number violating parameters.
The most stringent experimental lower limit on 0νββ-decay has been obtained for 76 Ge [3]
Combining this bound with Eq. (54) and the numerical value of the nuclear matrix element M SU SY given in Eq. (53) we get the following constraint on the effective MSSM parameter
Since we are interested in deriving constraints on the (B-L)-violating sneutrino massm M from η SU SY , we will adopt the following simplifying assumptions. Assume all SUSY particle masses to be equal to the effective SUSY breaking scale m SU SY introduced in Eq. (23) and consider two limiting cases for the lightest neutralino χ composition. In the first case it is assumed to be a pure B-ino as suggested by the SUSY solution of the dark matter problem [19] , in the second a pure Higgsino. These two cases can be understood as extreme cases, and actual values form M for other choices of the neutralino composition should therefore lie in between the two extreme values given below. In the Higgsino case essentially only the last three graphs in Fig.4 with gluino lines contribute to 0νββ-decay. As seen from Eq. (31) the corresponding lepton number violating parameter ηq does not depend on the neutralino composition and survives in this limiting case. With the currently accepted [20] values of the gauge coupling constants and W-boson mass we derivẽ
GeV, χ ∼H.
6 Neutrino mass constraints
As already mentioned, the sneutrino contributes to the Majorana neutrino mass m ν M at the 1-loop level via the (B-L)-violating propagator Eq. (18) proportional to the sneutrino (B-L)-violating mass parameterm 2 M . The corresponding diagram given in Fig. 2(f) gives rise to an induced Majorana neutrino mass δm ν . Thus, in the presence of a non-zero tree-level contribution m ν(tree) M the total neutrino mass is
As seen from Eq. (18) the (B-L)-violating sneutrino propagator in momentum space is a rapidly decreasing function of momentum q. In the ultraviolet limit it behaves as ∆ M ν (q) ∼ 1/q 4 unlike an ordinary scalar propagator decreasing only as ∼ 1/q 2 . As a result, the 1-loop diagram in Fig. 2 (f) leads to a finite loop integral. Hence, the sneutrino induced Majorana neutrino mass δm ν is a calculable object. It is given by the formula
where the subscript i stands for generation. The neutralino-neutrino-sneutrino coupling is ǫ
For an approximate numerical estimation we take all superpartner masses equal to the common mass scale of supersymmetry breaking m χ k ≈m 1 ≈m 2 ≈ m SU SY . Then in this approximation one gets for the lightest neutralino χ contribution the following constraint on the sneutrino mass splitting parameter
GeV.
Here
are the best laboratory limits on the neutrino masses which can be summarized as [20] If the neutralino is B-ino dominant, than we derive the following limits on the sneutrino mass splitting parameter
Thus, for the second and third generation sneutrinos large splittings are not excluded by experimental data. An interesting question to ask is whether there are certain loopholes in the constraints on the sneutrino mass splitting derived from the experimental upper limits on neutrino masses. It could happen, for instance that the lightest neutralino is higgsino dominated, in which case one would expect that the bound (62) might have to be relaxed considerably. However, one should remember that all neutralino states contribute to (60), so that even if there is no constraint from the lightest neutralino the other mass eigenstates will provide a finite contribution to the neutrino mass.
In order to investigate this question a little bit more quantitatively we did a numerical scan of the SUSY parameter space, calculating upper bounds oñ m M taking into account all four neutralino states. In this case instead of Eq. (62) we havẽ
Here x =m D /m SU SY and y i = m χ i /m SU SY . C 3 (x, y i ) takes into account the fact that the masses of the particles in the loop are no longer taken to be equal. In the limit wherem M ≪m D the 1-loop integral C 3 (x, y i ) is given by
C 3 (x, y) is normalized such that it approaches 1 in the limit where x and y approach 1. We let the parameters of the neutralino mass matrix vary from (0 − 1000) GeV for µ and M 2 , tan β from (1 − 50), for both positive and negative µ. The unification condition M 1 = (5/3) tan 2 θ W M 2 has been assumed in this calculation. We required the lightest mass eigenstate to be heavier than 20 GeV, motivated by the LEP measurements. About 10 8 solutions were calculated. From these we calculated the "average constraint" and an "absolute" upper bound. These are:
MeV.
on average ("absolute"), ifm D ≈ m SU SY = 100 GeV is assumed. These numbers are about a factor of 2 (4) less stringent than taking only the lightest neutralino (being bino) fixed at 100 GeV. This simply reflects the fact that within the above-mentioned parameter ranges many solutions exist where even the lightest neutralino mass state can be considerably heavier than 100 GeV. On the other hand, it seems that within the typical range of SUSY parameters, the constraint onm M is essentially "stable" and has to be taken seriously. (This conclusion remains unchanged even if we drop the unification assumption on M 1 , although the bounds might have to be slightly relaxed in some cases.) Note that, in principle, more stringent limits onm M than in Eq. (63) could be derived from the upper bounds on the neutrino mass given by nonobservation of 0νββ decay. However, in this case the situation is more complex, since 0νββ decay measures an effective neutrino mass m
ej m j , where U ej are mixing coefficients connecting the weak and the mass eigenstate basis for neutrinos. Thus limits onm M derived from the neutrino mass limit of 0νββ decay will also depend on assumptions on neutrino mixing. If one assumes for simplicity U ej ≈ δ e1 one could derivem M (e) ≤ 22 MeV from the data on 76 Ge [3] .
Conclusion
In summary, we have proven a low-energy theorem for weak scale softly broken supersymmetry relating the (B-L)-violating mass terms of the neutrino and the sneutrino as well as the amplitude of neutrinoless double beta decay. This theorem can be regarded as a supersymmetric generalization of the well-known theorem [14] relating only the neutrino Majorana mass and the neutrinoless double beta decay amplitude.
According to Eq. (12) the parameterm M describes a splitting in the sneutrino mass spectrum. This splitting leads to mixing in the sneutrinoantisneutrino (ν −ν c ) system and to the effect of lepton number violating ν −ν c oscillations [21] , [22] . The mass splitting parameterm M is constrained by the experimental data on neutrinoless double beta decay 0νββ and the neutrino mass discussed in the present paper. The neutrino mass constraint onm M is found to be more stringent then the direct 0νββ-decay constraint. This is opposite to the conclusion reached for R-parity violating SUSY, for which the direct double beta decay constraints have been found to be more stringent than those derivable from the neutrino mass [7, 8] . However, in contrast to the neutrino mass limits, the corresponding constraint onm M from neutrinoless double beta decay is completely independent of assumptions about neutralino masses and mixings.
The constraints derived here, nevertheless, leave quite some room for accelerator searches for sneutrino mediated (B-L)-violating effects for the second and third generation. The sneutrino mass splitting parameterm M might be searched for at future colliders such as the NLC or a first muon collider [21] , [22] . Probably, dedicated searches for Majorana sneutrinos have a chance of detecting positive signal, within the above discussed low-energy limits. For ν e , on the other hand, these limits seem to be too stringent and accelerator experiments should not be expected to give positive signals.
8 Appendix A. Supersymmetric Lagrangian terms contributing to the 0νββ-decay amplitude
In the presence of the (B-L)-violating (s)neutrino masses, given in Eq. (1), 0νββ-decay is triggered by the following terms of the MSSM Lagrangian
The individual terms can be found in the standard sources like ref. [13] , [23] . Let us list them explicitly.
a) Gauge boson-fermion-fermion
This is nothing but the usual standard model charged-current Lagrangian,
b) Gauge boson-sfermion-sfermion
Only the charged-current part of this type of the MSSM interactions is of interest in 0νββ decay:
Note that
where the following shorthands have been defined:
Coefficients C LL , C RR are fermion-sfermion couplings to the gaugino component of the chargino while C LR , C RL describe couplings to the Higgsino component. The latter are proportional to the fermion mass and, therefore, can be neglected in the fermion-sfermion sector as is done in the present paper. The chargino mixing matrices U ij and V ij are defined from the diagonalization of the chargino mass matrix
For details see Ref.
[23].
d) Neutralino-fermion-sfermion
The neutralino interaction can be written as
Coefficients N ij are elements of the orthogonal neutralino mixing matrix diagonalizing the neutralino mass matrix M χ . In the R p / MSSM the neutralino mass matrix is identical to the MSSM one [13] and in the basis of fields (B,W 3 ,H 
where c W = cos θ W , s W = sin θ W , t W = tan θ W , s β = sin β, c β = cos β. The angle β is defined as tan β =< H 
By diagonalizing the mass matrix (80) one can obtain four neutralinos χ i with masses m χ i and the field content
Recall again that we use notationsW 3 ,B for neutral SU(2) L × U(1) gauginos andH 
Here λ (a) are 3 × 3 Gell-Mann matrices (a = 1, ..., 8). Superscripts α, β in eq. (83) are color indices.
f) Gauge boson-chargino-neutralino
In the notation of ref. [13] L W χ + χ = gW
Further details and conventions on the definitions used can be found in the paper by Haber and Kane [13] .
Appendix B. Box Integrals
In this appendix some relevant formulas for the calculation of the loop integrals are summarized. There are four kinds of integrals encountered in the Eqs. All four integrals are finite and can be calculated analytically using standard methods. Simple solutions can be found for the case when the masses of all particles in the loops are assumed to be equal to m SU SY . In this limit one finds [23] J.F. Gunion, H.E. Haber, G.L. Kane, Nucl.Phys. B 272 (1986) 1. 
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